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We investigate a novel scenario of cosmological inflation in a gauged B − L extended minimal
supersymmetric Standard Model with R-symmetry. We use a noncanonical Ka¨hler potential and
a superpotential, both preserving the R-symmetry to construct a model of slow-roll inflation. The
model is controlled by two real parameters: the nonminimal coupling ξ that originates from the
Ka¨hler potential, and the breaking scale v of the U(1)B−L symmetry. We compute the spectrum of
the cosmological microwave background radiation and show that the prediction of the model fits well
the recent Planck satellite observation for a wide range of the parameter space. We also find that
the typical reheating temperature of the model is low enough to avoid the gravitino problem but
nevertheless allows sufficient production of the baryon asymmetry if we take into account the effect
of resonance enhancement. The model is free from cosmic strings that impose stringent constraints
on generic U(1)B−L based scenarios, as in our scenario the U(1)B−L symmetry is broken from the
onset.
PACS numbers: 12.60.Jv, 14.60.St, 98.80.Cq, 98.70.Vc
I. INTRODUCTION
Recent observations of the cosmological microwave
background (CMB) [1–4] impose stringent restrictions on
models of inflation. For example, the minimally coupled
m2φ2 and λφ4 chaotic models that have served as simple
benchmark models for decades are now in tension. Infla-
tionary models with nonminimal coupling ξφ2R, where φ
is a scalar field (inflaton) and R the scalar curvature, are
less constrained, and in fact the predictions of some such
models have been shown to fit extremely well the cur-
rent data [5]. It is well known that a nonminimally cou-
pled model (in the Jordan frame) can be Weyl-rescaled
to a minimally coupled model (the Einstein frame), and
hence it is meaningful to discuss the former only when
the original Lagrangian has significance in its own right,
e.g. when the Lagrangian is that of a particle physics
model such as the Standard Model (SM). The nonmini-
mally coupled SM Higgs inflation [6–10] with the Jordan
frame Higgs potential
VJ = λ(φ
2 − v2)2, (1)
provides just such an example. While the hierarchy prob-
lem inherited from the SM and a large dimensionless cou-
pling ξ ∼ 104 required for the consistency loom large
and stay as a matter of debate [11–15], the simplicity
and the observational viability are very attractive fea-
tures. The hierarchy problem is known to be mitigated
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in a supersymmetric setup. Supersymmetric extensions
of the Higgs inflation have been proposed in the next-
to-minimal supersymmetric SM [16–18] and in the su-
persymmetric grand unified theory (GUT) [19, 20] (see
also [21]). As a closely related model, it is shown in
[22, 23] that the Higgs-lepton flat direction in the super-
symmetric seesaw Lagrangian can realise observationally
viable and phenomenologically consistent slow roll infla-
tion with small nonminimal coupling ξ . O(1).
These popular Higgs inflation models employ positive1
nonminimal coupling ξ. Interestingly, it is known that
the same Jordan frame potential (1) with negative non-
minimal coupling ξ also provides a model of inflation
[24, 25], in which an observationally viable case corre-
spond to small field values |φ| . v. The potential in the
Einstein frame is
VE ∼
(
φ2 − v2
1− |ξ|φ2
)2
, (2)
where the reduced Planck mass MP = (8πG)
−1/2 =
2.44 × 1018 GeV has been set to unity. The potential
exhibits global minima at φ = ±v and singularities at
φ = ±1/
√
|ξ|. Hence successful termination of inflation
(exit from the slow roll at a global minimum) requires
v2|ξ| < 1. It would be interesting to know in which con-
text of particle physics such a model of inflation may be
implemented, and in particular, what the broken symme-
try associated with the potential (2) can be. Certainly,
φ cannot be the SM Higgs field as the value of v required
1 Our convention is such that the conformal coupling in 4 dimen-
sions corresponds to ξ = − 1
6
.
2Q uc dc L ec Hu Hd N
c S Φ±
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6
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3
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3
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2
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2
) (1,2,− 1
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− 1
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U(1)R +
1
2
+ 1
2
+ 1
2
0 +1 +1 +1 +1 +2 0
TABLE I. The charges of the superfields under the symmetries of the SM gauge group, U(1)B−L, and U(1)R.
for inflation is much larger than the electroweak scale. A
natural guess might be that φ is a Higgs field responsible
for breaking some extra gauge symmetry. It would be
then important to examine whether the resulting cosmo-
logical scenario is phenomenologically consistent.
In this paper we point out the possibility that φ can
be the Higgs field associated with the U(1)B−L sym-
metry which is spontaneously broken at an ultra high
energy scale in the early Universe. The U(1)B−L sym-
metry is one of the global symmetries of the minimal
supersymmetric Standard Model (MSSM), under which
the quark, lepton, and Higgs superfields are charged by
+ 1
3
, −1, and 0 units (see Table I). We assume that the
U(1)B−L gauge symmetry is spontaneously broken at a
super-Planckian scale; such an assumption is acceptable
on phenomenological grounds as the breaking scale is ex-
perimentally unconstrained except the rather mild LEP
bound & 3 TeV [26, 27]. An important consequence of
having the U(1)B−L symmetry is that three generations
of right-handed neutrinos are necessary for anomaly can-
cellation. Thus our model necessarily involves the neu-
trino sector; this allows us to discuss the neutrino masses
(via the seesaw mechanism [28]) and the baryon asym-
metry of the Universe (via thermal [29] or nonthermal
[30] leptogenesis) within the same model. Indeed, the
U(1)B−L-extended SM is one of the leading candidates
of the particle physics beyond the SM and there are well
known inflationary models based on it [31–40] (see also
[41, 42]). The novelty of our scenario, in comparison to
the existing ones, is simplicity of the construction and ro-
bustness of the prediction. Also, our model is free from
overproduction of cosmic strings that generally afflicts
the U(1)B−L-based inflationary models; in our scenario
the U(1)B−L symmetry is already broken at the onset of
inflation and there is no danger of producing topologi-
cal defects during and after inflation. We shall consider
supergravity-embedding as the nonminimal coupling of
the inflaton naturally arises in such a framework.
The rest of the paper is organised as follows. In the
next section we construct the model from the supergrav-
ity setup, and in Sec. III we discuss the inflationary
dynamics. We compare the prediction of this model with
the results of the Planck satellite observation in Sec. IV,
and the post-inflationary physics is discussed in Sec. V.
We conclude the paper with comments in Sec. VI.
II. THE MODEL
The starting point of our model is the superpotential
Weff = κS(Φ+Φ− − v2), (3)
where the superfields S, Φ+, Φ− are singlets in the SM
gauge group SU(3)c×SU(2)L×U(1)Y , and carry 0, +2,
−2 units of U(1)B−L charges. We choose κ > 0, v > 0 by
field redefinition. The local U(1)B−L symmetry is broken
by the vacuum expectation value v of the Φ± fields. The
model may be considered as a part of a supersymmetric
SM whose superpotential is (for example)
W = µHuHd + y
ij
u u
c
iQjHu + y
ij
d d
c
iQjHd + y
ij
e e
c
iLjHd
+ κS(Φ−Φ+ − v2) + yijDN ci LjHu + λijΦ−N ciN cj . (4)
The first line represents the MSSM and the last two terms
are responsible for the seesaw mechanism and leptogen-
esis. Here, Q, uc, dc, L, ec, Hu, Hd are the MSSM su-
perfields, N c the right-handed neutrino superfields, y’s
are the Yukawa couplings and µ is the MSSM µ param-
eter. The family indices are i, j = 1, 2, 3. There are
three right-handed neutrinos necessary for anomaly can-
cellation. The Majorana Yukawa coupling λij controls
the seesaw scale; we shall discuss it in a later section.
With +2, 0, 0 units of R-charges assigned to the S, Φ+,
Φ− fields, the superpotential is also invariant under the
U(1)R symmetry
2. In Table I we list the SM gauge group,
U(1)B−L and U(1)R charges assigned to the superfields
appearing in the superpotential (4). Note that (3) is the
most general renormalisable superpotential for S and Φ±
that is compatible with these symmetries. For supergrav-
ity embedding in the superconformal framework, we shall
use a slightly noncanonical Ka¨hler potential K = −3Φ,
where
Φ = 1− 1
3
(|Φ+|2 + |Φ−|2 + |S|2)
+
γ
2
(
Φ+Φ− +Φ
∗
+Φ
∗
−
)
+
ζ
3
|S|4. (5)
This preserves the U(1)R symmetry and contains two real
parameters γ and ζ.
2 These R-charges are what is called R′ = R− 1
2
L in [43]. In our
model both R and R′ are conserved.
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FIG. 1. The scalar potential in the Einstein frame for v = 10
and ξ = 0,−0.0010,−0.0015,−0.0020. The value of κ is deter-
mined by the amplitude of the primordial density perturba-
tion (see text). The e-folding number is chosen to be Ne = 60.
The scalar potential is found by the standard super-
gravity computation [44]. We take the D-flatness direc-
tion |Φ+| = |Φ−| ≡ 12ϕ and define
Φ+ =
1
2
ϕeiθ+ , Φ− =
1
2
ϕeiθ− , (6)
with real scalar fields ϕ, θ±. The F-term scalar potential
is then3
VF =
1
2
κ2|S|2ϕ2 + κ
2
1− 4ζ|S|2
(
ϕ4
16
− 1
2
ϕ2v2 cos θ + v4
)
−κ2|S|2
∣∣∣( 34γ − ζ|S|2eiθ1−4ζ|S|2) ϕ22 − 2(1− ζ|S|21−4ζ|S|2) v2∣∣∣2
3− 3γ
8
ϕ2 cos θ + 9γ
2
32
ϕ2 + ζ|S|
4
1−4ζ|S|2
,(7)
where θ ≡ θ+ + θ−. Note that VF is invariant under
the phase shift S → eiαS, reflecting the unbroken U(1)R
symmetry.
Let us comment on the F-term hybrid inflation (FHI)
models [31–38] which share some similarity with ours.
The FHI models are based on the same superpotential
(3) representing the spontaneously broken local U(1)B−L
symmetry, but usually the canonical Ka¨hler potential is
assumed4. In these models the major role is played by the
S field whereas the role played by ϕ (called a waterfall
field) is minor. At the tree level the scalar spectral index
ns of the FHI models is typically enhanced (blue). The
slightly red ns compatible with the current observations
can be obtained by including radiative and supergravity
correction terms (see [51, 52] for up-to-date accounts).
3 The super-Planckian inflaton values imply that higher dimen-
sional operators are not negligible. To avoid deformation of the
potential due to such operators, some degree of fine-tuning is
unavoidable.
4 There are FHI models with a noncanonical Ka¨hler potential, in-
cluding [45–50].
Here in our model we take a different trajectory from the
FHI models. It can be shown that for large enough ζ,
the field S is stabilised at S = 0 and its dynamics can be
neglected (cf. [17, 18]). Then the potential (7) and Φ of
(5) simplify to
VF =
κ2
16
(
ϕ4 − 8ϕ2v2 cos θ + 16v4) , (8)
Φ = 1 +
(
γ
4
cos θ − 1
6
)
ϕ2. (9)
Examining the F-term scalar potential in the Einstein
frame VE = Φ
−2VF, it can be checked that the phase is
stable at θ = 0 (we will be concerned with the parameter
region γ > 0; see below). Thus one may further ignore
the dynamics of θ. The system then reduces to a sin-
gle field model for which the scalar-gravity part of the
Lagrangian is written as
LJ =
√−gJ
[1
2
ΦRJ − 1
2
gµνJ ∂µϕ∂νϕ− VJ
]
, (10)
where the subscript J stands for the Jordan frame and
Φ = 1 + ξϕ2, (11)
VJ = VF = κ
2
(
ϕ2
4
− v2
)2
, (12)
ξ =
γ
4
− 1
6
. (13)
The Lagrangian in the Einstein frame is related to the one
in the Jordan frame by the Weyl transformation gEµν =
ΦgJµν and is written as
LE =
√−gE
[1
2
RE − 1
2
gµνE ∂µϕˆ∂νϕˆ− VE
]
, (14)
where RE is the scalar curvature in the Einstein frame,
gµνE = (g
E
µν)
−1, VE = Φ
−2VJ, and ϕˆ is the canonically
normalised scalar fields in the Einstein frame which is
related to ϕ via
dϕˆ =
√
1 + ξϕ2 + 6ξ2ϕ2
1 + ξϕ2
dϕ. (15)
The slow roll parameters defined in the Einstein frame
are
ǫV =
1
2
(
1
VE
dVE
dϕˆ
)2
, ηV =
1
VE
d2VE
dϕˆ2
,
ξ2V =
1
V 2E
dVE
dϕˆ
d3VE
dϕˆ3
. (16)
Using the original field ϕ these are expressed as
ǫV =
1
2
(
V ′E
VEϕˆ′
)2
, ηV =
V ′′E
VE(ϕˆ′)2
− V
′
Eϕˆ
′′
VE(ϕˆ′)3
, (17)
ξ2V =
V ′E
V 2E
(
3
V ′E(ϕˆ
′′)2
(ϕˆ′)6
− V
′
Eϕˆ
′′′
(ϕˆ′)5
− 3V
′′
E ϕˆ
′′
(ϕˆ′)5
+
V ′′′E
(ϕˆ′)4
)
,
where the prime means ′ ≡ d/dϕ.
4ξ κ2 ϕ∗ ϕk ns dns/d ln k r δ
0 2.22× 10−13 18.6 7.05 0.964 −4.54 × 10−4 0.0519 1
−0.0010 2.10× 10−13 19.0 9.44 0.968 −4.65 × 10−4 0.0466 0.6
−0.0015 1.86× 10−13 19.2 11.1 0.970 −4.63 × 10−4 0.0408 0.4
−0.0020 1.40× 10−13 19.4 13.5 0.972 −4.56 × 10−4 0.0313 0.2
TABLE II. The parameter κ, the inflaton field value at the end of the slow roll ϕ∗ and at the horizon exit of the comoving
CMB scale ϕk, the spectral index ns and its running dns/d ln k, the tensor-to-scalar ratio r and the parameter δ defined in (19)
computed in the example of v = 10 and ξ = 0,−0.0010,−0.0015,−0.0020. We have chosen the e-folding number Ne = 60.
III. INFLATIONARY DYNAMICS
In the last section we obtained the single field infla-
tionary model from the gauged B − L extended MSSM.
The inflaton potential in the Einstein frame is
VE =
κ2
16
(
ϕ2 − 4v2
1 + ξϕ2
)2
, (18)
which is essentially the one (2) discussed in the intro-
duction. The potential (18) has supersymmetric vacua
at ϕ = ±2v and singularities at ϕ = ±1/
√
|ξ|. Without
losing generality we shall focus on positive v and positive
ϕ. In this paper we will be interested in the inflation-
ary scenario with negative ξ [24, 25]. The initial value of
the inflaton is between 0 < ϕ < 2v, namely, between the
local maximum of the potential VE(0) = κ
2v4 and the
supersymmetric vacuum at ϕ = 2v. This is analogous
to the new inflation model, or even newer, hilltop type
models [53]. For successful termination of the slow roll
the supersymmetric vacuum ϕ = 2v should not be hid-
den behind a singularity; this requires 2v < 1/
√
|ξ|. The
physics beyond the singularity is of no interest to us, as
it is the antigravity regime where the Newton constant
becomes negative [54, 55].
In our model there are three tunable parameters κ,
v and ξ. These are constrained by the amplitude of
the density perturbation of the comoving CMB scale.
For definiteness we use the maximum likelihood value
As(k0) = 2.215 × 10−9 from the Planck satellite ob-
servation [3] with the pivot scale at k0 = 0.05 Mpc
−1.
With this As(k) the power spectrum of the curvature
perturbation PR = VE/24π2ǫV at the horizon exit of
the comoving scale is normalised as As(k) =
k3
2pi2PR(k).
The end of the slow roll is characterised by the con-
dition that one of the slow roll parameters that are
small during inflation becomes O(1). We obtain the in-
flaton value at the end of the slow roll ϕ∗ by solving
max(ǫ, |η|) = 1, and then find the inflaton value ϕk at
the horizon exit of the comoving CMB scale k by solving
Ne =
∫ ϕk
ϕ∗
dϕVE(dϕˆ/dϕ)/(dVE/dϕˆ) for an e-folding num-
ber Ne. In this way the value of κ is fixed once Ne, v and
ξ are given.
The inflaton potential (18) includes various cases in its
limits [24]. When ξ → 0, v → 0 it approaches to the min-
imally coupled λφ4 model, while the limit ξ → 0, v →∞
gives the prediction obtained in the minimally coupled
m2φ2 model. It is also known that the 4|ξ|v2 → 1 limit
yields the same inflationary prediction as the nonmini-
mally coupled Higgs inflation with large positive ξ. As
an indication of how close to this limit our model is, we
introduce a parameter
δ ≡ 1− 4|ξ|v2. (19)
This is actually Φ of (5) appearing in the Ka¨hler poten-
tial, evaluated at the supersymmetric vacuum at ϕ = 2v
and S = 0. In the limit ξ → 0 the potential becomes the
double-well type; the prediction of this inflationary model
is compatible with the combined Planck+WP+BAO re-
sults [4] when 2v & 13 in our parametrisation at 95%
confidence level (CL). As |ξ| is increased the singular-
ity at ϕ = 1/
√
|ξ| approaches the potential minimum
at ϕ = 2v. Fig. 1 shows the shape of the potential
when v = 10 and ξ = 0, −0.0010, −0.0015 and −0.0020.
The scalar spectral index ns ≡ 1+d lnAs(k)/d ln k ≃ 1−
6ǫV +2ηV , the running of the spectral index dns/d ln k ≃
−24ǫ2V + 16ǫV ηV − 2ξ2V , and the tensor-to-scalar ratio
r ≡ Pgw/PR ≃ 16ǫV are evaluated by computing the
slow roll parameters at the horizon exit of the comoving
CMB scale. We list these results for v = 10 and the e-
folding numberNe = 60 in Table II, along with the values
of κ, ϕ∗ and ϕk found by the procedure explained above.
The nonminimal coupling is varied as ξ = 0, −0.0010,
−0.0015, −0.0020. The tendency of these CMB param-
eters may be understood from the behaviour of the po-
tential in Fig. 1. As |ξ| is increased, the minimum of the
potential becomes a steep valley, while the small ϕ region
becomes a plateau; consequently, the spectrum of the in-
flationary model approaches to that of the nonminimally
coupled Higgs inflation model.
IV. COMPARISON WITH PLANCK
In this section we show the prediction of our model for
the scalar spectral index ns, the running of the scalar
spectral index dns/d ln k, and the tensor-to-scalar ratio
r for varying v. The nonminimal coupling is varied as
−1/4v2 < ξ ≤ 0. The procedure and the normalisation
are as described in the previous section.
Fig.2 shows the plots of ns-r, the left panel showing
the results for Ne = 50 and the right panel for Ne = 60.
The 68% and 95 % contours from the Planck satellite
observation [3] (Planck+WP: grey, Planck+WP+highL:
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FIG. 2. The spectral index ns and the tensor-to-scalar ratio r of our model, when the symmetry breaking parameter v and the
value of the nonminimal coupling ξ are varied as v = 5.0, 7.5, 10, 15, 50 and −1/4v2 < ξ ≤ 0. The left (right) panel shows the
results for the e-folding number Ne = 50 (Ne = 60). The 68% and 95% CL contours from the Planck satellite observation [3]
(Planck+WP: grey, Planck+WP+highL: red, Planck+WP+BAO: blue, from the background to the foreground) are shown for
comparison. The black dot is the prediction of the minimally coupled m2φ2 chaotic inflation model, i.e. ns = 1− 2/(Ne +
1
2
)
and r = 4(1 − ns), to which our model approaches in the limit ξ = 0, v → ∞. The thick green curve is ξ = 0 and the thin
green curves are ξ = −0.001 and ξ = −0.002 from above.
red, Planck+WP+BAO: blue) are superimposed on the
background for comparison. In the minimally coupled
case (ξ = 0) small v is strongly disfavoured (v & 6.5MP
for Planck+WP+BAO 95% CL [4]). With small nega-
tive ξ, in contrast, we see that smaller v (see v = 5 for
example) is not only compatible but in excellent fit with
the current CMB data. This feature is favourable for
the model as the large super-Planckian excursion of the
inflaton is often considered problematic.
The running of the scalar spectral index dns/d lnk is
shown against the scalar spectral index ns in Fig. 3 (the
left panel: Ne = 50, the right panel: Ne = 60). The
68% and 95% CL contours of the Planck+WP+BAO [4]
are also shown for comparison. In the figure the 68%
and 95% CL contours of ΛCDM+dns/d ln k are shown
by dark and light blue, and the 95% CL contour of
ΛCDM+dns/d ln k + r is shown by the light red curve.
The 68% CL contour of ΛCDM+dns/d ln k+ r is outside
the figure. While the running of the scalar spectral index
is potentially an important observable beyond ns and r,
the data at present is not significant enough to restrict
the model parameters; the contours run nearly vertical
in the figure, indicating that the constraints are mainly
due to ns.
Going back to Fig.2, we see that the prediction of our
model for ns and r makes stark contrast to the nonmin-
imally coupled λφ4 model (see e.g. [5, 22, 23]) in which
the prediction moves vertically in the ns-r plane as the
nonminimal coupling ξ is varied. In Fig.2 the parameter
space of our model covers almost the whole area inside
the 68% CL contour; it would be interesting to see how
future observations [56–59], in particular precision mea-
surements of ns, will constrain these parameters.
V. REHEATING AND LEPTOGENESIS
In this section we discuss viability of the post-
inflationary physics. Our scenario is based on the well-
motivated particle physics model of the gauged B − L
extended MSSM with R-symmetry, which has been stud-
ied in detail. A peculiar feature of our model is that the
breaking scale v ≈ O(10) × MP is large, compared to
the GUT (see e.g. [38, 60]) or the electroweak scale (e.g.
[61–64]) B − L breaking scenarios.
Assuming perturbative decay of the inflaton, the upper
bound of the reheating temperature is estimated as
TRH .
(
90
g∗π2
) 1
4 √
MPΓδϕˆ, (20)
where g∗ ≈ 200 is the degrees of freedom at reheating
and Γδϕˆ is the decay rate of the inflaton in the Einstein
frame δϕˆ oscillating at the potential minimum. The mass
of the inflaton is
m2δϕˆ =
∂2VE
∂ϕˆ2
∣∣∣
ϕ=2v
=
2κ2v2
1 + 4ξv2(1 + 6ξ)
, (21)
which is found to be mδϕˆ = 10
13-1014 GeV for our model
parameters (Fig.4). We are interested in the decay of the
inflaton to the SM particles. The inflaton is a compo-
nent of Φ± and there are two pertinent channels of decay:
(i) δϕˆ→ NN , N˜N˜ (the right-handed (s)neutrinos).
(ii) δϕˆ→ Z ′Z ′ (the U(1)B−L gauge bosons).
Let us consider the decay channel (i) first. The
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FIG. 3. The prediction of our model for the running of the scalar spectral index dns/d ln k against the scalar spectral index ns.
The left panel shows the results for the e-folding number Ne = 50 and the right panel is for Ne = 60. The parameters are the
same as in Fig. 2. The 68% and 95% CL contours of the Planck+WP+BAO [4] are indicated in the background. The 68% and
95% CL contours of ΛCDM+dns/d ln k are shown by blue and light blue, and the 95% CL contour of ΛCDM+dns/d ln k + r
is shown by the thin red curves (the 68% CL contour is outside the figure). The black dot is the prediction of the minimally
coupled m2φ2 chaotic inflation model, namely ns = 1 − 2/(Ne +
1
2
) and dns/d ln k = −2/(Ne +
1
2
)2, to which our model
approaches in the ξ = 0, v →∞ limit. The thick (thin) green curve is the prediction for ξ = 0 (ξ = −0.001).
decay in this case is through the coupling λ ≡ λij in the
last term of (4). After inflation the field Φ− settles down
at 〈Φ−〉 = v, giving the seesaw scale MN = λ〈Φ−〉 = λv.
Using the neutrino mass m2ν ≈ ∆m232 = 2.43× 10−3 eV2
[65] and the Higgs expectation value 〈Hu〉 ≈ 174 GeV
in the seesaw relation mνMN = y
2
D〈Hu〉2, we see from
yD . O(1) that the seesaw scale is bounded from above:
MN . 10
13 GeV. Since v ≈ O(10) ×MP in our model,
the Majorana Yukawa coupling needs to be small,
λ . 10−6. The decay rate of the inflaton is
Γ(δϕˆ→ NN, N˜N˜) ≈ λ
2
16π
mδϕˆ. (22)
Using the seesaw relation and mδϕˆ ≈ 1013 GeV, we find
the reheating temperature from (20),
TRH ≈ MN
1012 GeV
× 107 GeV. (23)
The second channel (ii) also contributes when the Z ′
mass is smaller than (half of) the inflaton mass mδϕˆ.
From the longitudinal mode dominant decay width
Γ(δϕˆ→ Z ′Z ′) ≈ 1
32π
m3δϕˆ
v2
, (24)
the reheating temperature is estimated as
TRH ≈ 106 GeV. (25)
The case (i) may be regarded as the dominant channel.
The condition that the Big Bang nucleosynthesis is not
spoiled by the thermally produced gravitinos yields an
upper bound of the reheating temperature TRH . 10
6-
107 GeV [66, 67]. By (23), this gravitino constraint
mildly restricts the seesaw scale MN . 10
12 GeV.
In the out-of-equilibrium decay of the right-handed
(s)neutrinos, lepton asymmetry can be generated and is
later converted to the baryon asymmetry of the Universe
via the sphaleron transitions, the so-called leptogenesis
scenario [29, 30]. In the sphaleron transition the yield
(the ratio of the number density to the entropy density)
of the baryons is related to that of the leptons as
YB ≈ − 8
23
YL. (26)
In thermal leptogenesis scenario in which the right-
handed (s)neutrinos are thermally produced, the reheat-
ing temperature needs to be higher than the mass scale
of the right-handed (s)neutrinos: TRH & MN . The gen-
erated baryon asymmetry is estimated as [68–70]
YB ∼ YL ∼ a εi
g∗
, (27)
where εi is the CP asymmetry parameter associated with
the i’th generation of the right-handed (s)neutrino Ni
(N˜i), and a . 1 is the efficiency factor which depends on
details of the Boltzmann equations. The baryon asym-
metry of the Universe is observed to be [2, 71]
YB = (8.55± 0.217)× 10−11 (95% CL), (28)
and thus the CP asymmetry parameter needs to be
εi ≈ 10−7. This condition is known to be satisfied
when the right-handed (s)neutrino mass is large enough,
MNi & 10
10 GeV [68, 69]. In our scenario, however, this
requirement cannot be fulfilled as the reheating tempera-
ture (23), (25) is not high enough to produce such heavy
right-handed (s)neutrinos. Nevertheless, it is known that
even if the right-handed (s)neutrino masses are not large,
7large enough εi (and thus YB) can be obtained when
at least two of the right-handed (s)neutrino masses are
nearly degenerate and resonant enhancement takes place
[72, 73]. Thus, we may think of the following two possible
cases of thermal leptogenesis in our scenario: (a) when
the decay channel (i) is dominant, the reheating temper-
ature is given by (23) and thus one of the right-handed
(s)neutrinos masses needs to be large. For successful reso-
nant thermal leptogenesis the remaining two masses need
to be very close to each other and less than the reheating
temperature, for example, MN1 ≈ MN2 ≪ TRH ≪ MN3;
(b) when the reheating temperature is determined by the
decay channel (ii) and is given by (25), all Ni’s can be
light: MN1, MN2, MN3 ≪ TRH. In both (a) and (b), the
right-handed (s)neutrinos that produce lepton number
through the decay are much lighter than 1010 GeV and
hence the resonance enhancement needs to take place.
For detailed analysis of resonant leptogenesis in the con-
text of the minimal B-L model, see, for example [63, 74].
In nonthermal leptogenesis scenario, the seesaw scale
MN is larger than the reheating temperature TRH and the
right-handed (s)neutrinos are predominantly produced
by the decay process (i). The baryon asymmetry gener-
ated by the decay of the (s)neutrinos may be estimated
as [70]
YB ∼ YL ∼ TRH
mδϕˆ
∑
i
Briεi, (29)
where
Bri =
Γ(δϕˆ→ NiNi, N˜iN˜i)
Γδϕˆ
(30)
is the branching ratio and Γδϕˆ is the total decay width of
the inflaton. Using TRH ∼ 107 GeV andmδϕˆ ≈ 1013 GeV
in (29) we find Briεi ≈ 10−4. This large CP asymmetry
parameter can be again obtained by resonant leptogene-
sis. To conclude, for the production of the baryon asym-
metry through thermal or nonthermal leptogenesis the
CP asymmetry parameter needs to be εi ∼ 10−7-10−4.
These values are somewhat larger than the conventional
decay scenarios of the right-handed (s)neutrinos, but can
be accounted for by the resonance enhancement [72, 73].
For this, at least two of the right-handed neutrino masses
need to be nearly degenerate. The baryon asymmetry
may, alternatively, be generated by some other mecha-
nism such as the Affleck-Dine mechanism [75].
VI. DISCUSSIONS
In this paper we have constructed a novel scenario of
cosmological inflation based on the gauged B − L ex-
tended MSSM. The model is well-motivated by the neu-
trino physics: the spontaneous breaking of the U(1)B−L
symmetry gives rise to the right-handed neutrino mass
term, which in turn give the small nonzero left-handed
neutrino masses through the type I seesaw mechanism.
v=5.0
v=7.5
v=10
v=15
v=50
0.001 0.01 0.1 1
∆
1.0´ 1013
1.5´ 1013
2.0´ 1013
2.5´ 1013
3.0´ 1013
3.5´ 1013
4.0´ 1013
Inflaton mass HGeVL
FIG. 4. The inflaton mass mδϕˆ, plotted against δ (19) for
v = 5.0, 7.5, 10, 15, 50.
It also includes the mechanism of baryogenesis through
leptogenesis. Due to supersymmetry our model is stable
against radiative corrections and includes supersymmet-
ric particles that may be considered a good dark matter
candidate. Our model has various advantages over the
popular FHI models. For example the observationally
supported slightly red spectrum of the primordial den-
sity perturbation can be naturally accounted for. There
is no need to invoke radiative corrections, and thus there
is no necessity of fine-tuning associated with it.
A notable feature of our scenario is that it is free from
unwanted relic particles. As discussed in Sec.V the re-
heating temperature is low enough so that the gravitino
problem can be avoided. In addition, our model is free
from cosmic strings that generally impose stringent con-
straints on the FHI models (see e.g. [33]). This is due to
our assumption that the U(1)B−L symmetry is already
broken at the onset of inflation and cosmic strings are
inflated away.
We conclude the paper by commenting on issues that
are of potential importance but were not discussed above.
The original model (3) includes multiple fields and we
simplified the model by focusing on the ϕ direction.
This is justified by assuming the quartic term in the
Ka¨hler potential that controls the tachyonic instability
(see [17, 18]). Lifting this assumption certainly compli-
cates the scenario, but leads to rich observable conse-
quences. The resulting model is sensitive to the initial
condition of the inflaton field, as in the case of the FHI
scenario. The extra degrees of freedom give rise to the
isocurvature mode and possibly non-Gaussianity of the
density perturbation (see e.g. [76] for a review). If such a
signature is to be detected in the future, it will be an indi-
cation that the single field approximation that we used is
clearly inappropriate. Our second comment concerns the
interpretation of the δ → 0 limit. The δ defined in (19)
is the factor Φ of the Ka¨hler potential (5) at the poten-
tial minimum. There is no reason for it to be extremely
large or small, and thus the “Higgs-inflation limit” δ → 0
is a limit of fine-tuning. In this sense, this δ → 0 limit
8is not much better than the ξ ≫ 1 Higgs inflation. In
Fig.2, δ = 1 (ξ = 0) is indicated by the thick green curve
and smaller δ (larger |ξ|) corresponds to smaller r. See
also Table II. The CMB polarisation experiments [56–59]
are expected to uncover the physics of primordial gravi-
tational waves, with accuracy corresponding to r ∼ 0.01.
These experiments will tell us whether one actually needs
to consider the fine-tuned small δ limit. Finally we com-
ment on possible extensions of the model. The essential
elements of our model are the superpotential (3) and the
Ka¨hler potential (5), and hence, it is easy to construct
a similar inflaton potential if a supersymmetric model is
equipped with the same structure. It is, however, not
straightforward to construct a consistent scenario of in-
flation since keeping the R-symmetry in a realistic GUT
is known to be extremely difficult [77].
Note added
After completion of this paper detection of the CMB
B-mode polarisation was announced by the BICEP2 ex-
periment [78], with the tensor/scalar ratio r = 0.20+0.07−0.05.
This means in our model that small values of |ξ|, and
hence δ ∼ 1 without fine-tuning (see (19)), are favoured.
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